The creation of electronic excitations during the reaction of atomic hydrogen on and with coinage and noble metals has been studied using metal-insulator-metal heterostructures. A characteristic current trace is observed when the outer metal surface of the structure is exposed to a 20 s pulse of H atoms. Comparison to the chemical kinetics allows to disentangle the contributions from the different chemical processes to this current. In the case of the coinage metals studied the observation is interpreted to suggest that predominantly electrons excited in connection with the hydrogen recombination reaction are the source of the current. For Pt such phenomenon is not observed. This difference allows insights into the role of the transition state for the non-adiabaticity in this simple chemical reaction.
Introduction
Significant progress has been made in recent decades in unravelling the fundamentals of gas-surface interaction [1, 2] . Sophisticated experiments and rapid progress in theoretical modelling have contributed to this success [3] . Elaborate total energy calculations providing potential energy surfaces and high dimensionality quantum or classical calculations of the dynamics are today state-of-the-art. However, these schemes tacitly assume that the chemical process described evolves adiabatically in the electronic ground state. This is in particular the case whenever density functional theory (DFT) is drawn on. It is, however, yet unclear whether it is ultimately justified to neglect any non-adiabatic effects [4, 5] . As metals have a continuous spectrum of electronic excitations, no chemical process on its surface will proceed without any excitation of electron-hole pairs [6] . However, this rigorous statement does not answer the question whether these excitations may nevertheless be insignificant to influence the course of the reactions or in which specific cases these excitations will be of particular importance.
Recently, Nienhaus and coworkers reported the observation of a chemicurrent when a Ag/Si-Schottky diode was exposed to a flux of hydrogen atoms suggesting that a portion of the chemisorption energy is dissipated to electronic degrees of freedom of the substrate [7] . This experiment has stimulated novel theoretical studies [8] [9] [10] [11] [12] . Moreover, other experiments, such as the dissociative adsorption of O 2 on Al(111) [13] [14] [15] and the interaction of highly vibrationally excited NO with Cu(111) [16] and Cs covered Au(111) [17] raise the question whether the non-adiabaticity in surface chemical reactions has not been underestimated in the past [18, 19] . The size of nonadiabatic effects in the dissociative adsorption or recombinative desorption is lively and controversially discussed [20] referring to systems such as H 2 /Cu(111) [21] [22] [23] [24] , N 2 /Ru(001) [22, 25, 26] and N 2 /W(110) [23] . The excitation of substrate electronic degrees of freedom can be studied using metal-insulator-metal (MIM) structures under chemical reaction conditions.
Apart from these fundamental studies, metal-insulator-metal and metal-semiconductor heterosystems are suggested for the direct conversion of chemical energy into electricity [27, 28] . Also the reverse process -hot electron driven surface chemistry -has received considerable interest [29] [30] [31] [32] .
In this paper we report for the first time experiments using MIM devices to study the interaction of metals with hydrogen with Pt as material of the top electrode. This study is a continuation of previously reported experiments with Au and other coinage metals as top electrode material [33, 34] . For these systems a current of electrons from the top to the back electrode was observed and it was suggested that this current originates predominantly -if not exclusively -from excitations created in the course of the Langmuir-Hinshelwood recombination reaction. Studying Pt is motivated by the fact that in this case adsorption of H 2 is not activated in contrast to the coinage metals [35] .
The interaction of hydrogen with metal surfaces has been subject of innumerous studies [36] . Hydrogen recombinatively desorbs from Pt films in several features located at about 200, 320 and 430 K in thermal desorption spectroscopy (TDS) [37, 38] . The first two features correspond to activation energies for desorption of 52 and 88 kJ/mol, respectively. The last one is believed to arise from imperfect sites [39, 40] . Recombinative desorption from Cu, Ag and Au surfaces is observed at temperatures between 170 and 300 K, whereby the higher end belongs to Cu [36] . For Au an activation energy for desorption decreasing with coverage from 57 to 34 kJ/mol was reported [41] .
The binding energy of H with the various faces of these metals ranges between 260-280 kJ/mol for Pt, 230 kJ/mol for Cu, and 190-210 kJ/mol for Ag and Au [42] . Whereas these differences are only quantitative in nature, the transition state to recombinative desorption has a different character in the case of Pt group metals when compared to the coinage metals. In the latter case it lies energetically 50 to 100 kJ/mol above the asymptotic level corresponding to an unbound H 2 molecule. In the case of Pt there is not such a barrier in the potential energy on the way of the molecule away from the surface. In this paper we address the question whether this is decisively relevant for the dissipation of energy into electronic degrees of freedom. 
Experimental
The experiments were carried out using a UHV apparatus with a base pressure of 5 × 10 −10 mbar, the details of which were reported before [33] . The effective pumping speed for H 2 was determined as 150 l/s.
The MIM detectors were prepared on flat glass slides by first depositing a 30 nm thin tantalum film in high vacuum. An area of the film was electrochemically oxidised in 0.9 mol l −1 acetate solution. Using an electrode potential of up to 1 V the potentiodynamic oxidation results in an oxide thickness of 4 ± 0.1 nm [43] . The oxidised samples were transferred into the UHV chamber, where a 5 mm wide metal top electrode was deposited in a cross configuration. The effective area of the MIM sensor was 2 × 5 mm 2 . The metal film was contacted by two silver stripes which enabled us to monitor the film growth in situ by resistivity measurements. A drawing of a similar device can be found in [44] .
The electronic structure of the oxide barrier of the MIM sensor was characterised recording I-V curves and its response to optical excitations [45] . The tantalum oxide layer has a band gap of 4.0 eV (Fig. 1) . Due to electrostatic effects across the oxide layer an electric field is present resulting in an upward shift of the valence and conduction band at the interface to the top electrode. Hence, the barrier height for electrons from the Fermi level to the oxide conduction band is 1.7 eV. On the interface to the Ta back electrode the barrier is 1.0 eV. The barrier for hole transport is larger by about 1 eV albeit with the opposite asymmetry.
Closed Pt films with a minimal thickness of 5 nm could be obtained. Thinner films exhibited holes as indicated by the monitored resistivity. A film of 5 nm × 5 mm × 7 mm in size exhibited a resistance of 150 Ω. Thus, the specific resistivity of the films used has 54 μΩ cm, which is to be compared to the one of elementary Pt, 10.8 μΩ cm. Despite the large difference this is a good value indicating a high quality according to general experience with ultra-thin films [46] . Moreover, the resistivity is found to increase linearly with temperature. Even after prolonged exposure to H-atoms, no change in the resistivity or the I-V curve was observed indicating that the amount of H penetrating the Pt layer can not be that large that it changes the properties of the film or of the interface to the oxide.
The surface of the Pt films was characterised using atomic force microscopy (AFM). The obtained images show that Pt forms a closed film which covers the underlying TaOx layer. The roughness is determined by the one of the TaOx substrate which becomes apparent when one compares images from an area atop of the TaOx layer with ones from an area where the glass slide is the substrate of the Pt films. In the latter case the film is as smooth as the glass surface. In both cases the roughness of the Pt film is indiscernible from the one of its substrate. This observation is in agreement with general experience regarding Pt layers in imaging microscopy, such as raster electron microscopy, where a Pt film often serves as coating for image enhancement purposes. Profile lines extracted from AFM images of a Pt layer on top of TaOx indicate a roughness of about 0.8 nm (rms). However, it needs to be kept in mind that the lateral resolution of AFM imaging is certainly not better than 10 nm such that a roughness on a smaller lateral scale is undetectable. These images demonstrate that the Pt films used in this study are as smooth and flat as the underlying TaOx layer. The latter exhibits some roughness but does not show the sponge like morphology obtained for oxidation conditions different from the near neutral solvents and small currents employed in this study.
Au, Ag and Cu metal films show in comparison a much more coarse surface structure. A minimal thickness of 15 nm was necessary to obtain a closed layer. Imaging shows that these films are formed from microcrystallites which have grown together. After 3 h of exposure to atomic H the I-V curve was slightly modified from its original form which was however reversible over night.
A radiatively heated hot tungsten capillary hydrogen atom source was used for the experiments to avoid the creation of ions. Its orifice was located 15 cm from the sample surface. The capillary was typically operated at 1900 K to avoid fast evaporation of tungsten. The relatively small photosensitivity of MIM sensors and encasing the heating tungsten filament allowed us to perform the experiments despite the brightly glowing capillary. A flow of up to 4 × 10 14 atoms cm −2 s −1 onto the sample was achieved. A bowtie shutter wheel was mounted in front of the capillary, that could be rotated using a stepper-motor drive.
The chemically induced tunnel currents were recorded using a three stage current voltage converter (10 10 V/A). This capacitively damped device allows a time resolution better than 0.1 s.
Fig. 2.
Current trace when the Pt-MIM sensor is exposed to H atoms. The periods during which the MIM sensor was exposed to the hydrogen flux are indicated by the shading. The flux of H-atoms was 2.5 × 10 14 atoms cm −2 s −1 and the sample temperature 300 K.
Results
Figure 2 shows the current trace observed when a MIM device with Pt surface is exposed to a flux of H-atoms (2.5 × 10 14 atoms cm −2 s −1 ) at 300 K sample temperature. Immediately after the shutter is opened a current of about 0.25 nA is observed. In this situation the electron current flows from the back to the top electrode. With continuing exposure the current decreases, changes sign and settles on a steady-state value. In this situation electrons flow from the top to the back electrode. A sharp increase to a larger current in the same direction is observed when the H-atom flux is blocked. This current ceases with time.
The same cycle repeats when the H-atom flux is allowed to hit the sample again. However, closer inspection of the graph reveals further details. The initial current in negative direction is smaller in the 2nd cycle than in the 1st sequence. The steady-state current however is identical in both cycles. It is worth noting that the H-atom flux was re-allowed before the current had completely ceased. When the flux is blocked again, the peak in the current has the same height as in the first cycle.
The design of the device allows us to monitor the resistivity of the Pt film during H exposure. We note that the resistivity increased by not more than 0.04 Ω when the H flux hits the sample. As the layer corresponds to a Pt100 thermocouple, this can directly be interpreted as a measure of the temperature rise indicating that the latter does not exceed 0.1 K. This value is too small to cause a temperature gradient in the MIM device large enough that a noticeable current would arise [47] . Figure 3 shows current traces obtained when operating the capillary H atoms source with different backing pressures. These are very similar in shape. The heights of the current spikes when the shutter in the beam is opened or closed reflect the respective beam flux. It is worth noting that the leading spikes tail off faster with increasing H atom flux. Further details will be discussed below.
The observed features were characterised at various H atom fluxes. Figure 4 depicts the dependence of (i) the height of the initial peak occurring when the H-atoms hit the MIM first, of (ii) the steady-state current and of (ii) the peak observed when the H-atom flux is interrupted on the latter. The two peak heights increase within the experimental uncertainties linearly with the H-atom flux. The steady-state current is constant. A practically identical current is observed, when no H 2 is fed to the capillary source. I. e. it has to be identified as photocurrent caused by the brightly glowing capillary. In addition the responding data for exposure to D atoms are shown. Obviously, no significant isotope effect is observed. The experiment, the results of which are displayed in Fig. 5 , addresses the concern whether the observed current traces are in fact caused by chemical events at the vacuum interface of the MIM. A MIM sensor with Pt top electrode was prepared as discussed. The top curve shows the trace of the current obtained with the sensor. It is similar to the trace shown in Fig. 2 apart from the larger noise on the signal. Subsequently, Au was deposited in several steps onto the Pt layer. The middle graph shows the current trace obtained after some Au had been deposited. Due to the deposition the resistance of the top electrode decreased from 225 to 169 Ω. We expect that this corresponds to an added Au layer of 0.5 nm thickness. The trace is still rather similar to the one obtained before. However, it is worth noting, that a steady state regime is not really reached during the time the H-atom flux was allowed to hit the sample.
Next, additional Au was deposited such that the resistance further decreased to 95 Ω, corresponding to about 1.3 nm layer thickness. After this preparation step we observe a current trace which closely resembles the one observed when using a MIM with Au top electrode which had been reported before [33] , namely a square wave like form. The finer details of this trace can not be observed because of the stronger noise. Traces for intermediate amounts of Au deposition were also recorded. They indicate a continuous development from the trace observed for Pt to the one observed for Au top electrodes unambiguously proving that the metal exposed to the vacuum determines the form of the current trace.
Discussion
We start with discussing the shape of the experimentally observed current traces. Three chemical processes can potentially be connected with the electronic excitations that then constitute the current: (i) the adsorption of atoms, (ii) the Langmuir-Hinshelwood (LH) recombinative desorption of these and (iii) potentially an Eley-Rideal (ER) type abstraction process. For this reason the rate of each chemical process at the sample surface is calculated using the following equations
where S is the sticking coefficient, j H the flux of incoming H atoms, Θ the coverage normalised to the number of possible adsorption sites, ν the preexponential factor and E a the activation energy for the LH recombination reaction. The sticking coefficient S of atomic hydrogen is typically high ≈ 0.9 [48] .
To gain further insight, the kinetics were modelled treating Eqs. (1)- (3) as a coupled system. We assumed ν = 10 14 Hz and E a = 82 kJ/mol as these values result in H 2 desorption at about 300 K in thermal desorption spectroscopy (TDS) with a typical heating rate of 3 K/s as reported for polycrystalline Pt-films [37] . Figure 6 shows the calculated numbers of reaction events vs. time. For 10 s < t < 30 s and 40 s < t < 60 s the flux was set to 0.1 ML/s to simulate our experimental conditions. Outside of this time window the flux was zero. The adsorption trace shows a prompt jump to a large with E a = 82 kJ/mol. value at t = 10 s, shows an exponential decay after the instant increase and settles on a steady-state value. At t = 30 s ( j H = 0 ML/s) the trace falls instantaneously to zero. This behaviour is similar to the one observed experimentally by Nienhaus et al. [7] for H/Ag using a Schottky detector. The LH trace approaches its steady-state value monotonously increasing as some coverage has to built up first. When the H flux is interrupted, the LH rate ceases but with some noticeable time lag. Under these chosen conditions the ER trace shows a behaviour analog to the LH trace at t > 10 s, but falls instantly to zero at t = 30 s like the adsorption trace.
As we reported earlier the trace for Au as top layer metal at T S = 300 K resembles the evolution of the LH rate [33, 34] . In particular, it shows a slowly decaying signal, immediately after the H flux is blocked. Hence, this chemical process was identified as predominant source of the observed current. To corroborate this assignment we have recently obtained current traces for other coinage metals, namely Ag and Cu, as top electrode material (Fig. 7) . As can be seen, these are similar in form suggesting that essentially the same mechanism is operating. The differences are of quantitative nature, but the currents are of the same order of magnitude. An accurate comparison of the currents would require an understanding of their dependence on the details of metal film quality and electron transport properties, which is is not available. It is worth noting that the time constant of the trailing current increases when going from Au to Cu, which is inline with the increasing activation energy for recombinative desorption in this series.
The trace obtained for Pt as top electrode material is unquestionably of different form. The data suggest that no steady-state current is present apart from what is caused as photocurrent by the light from the capillary. The traces are dominated by the sharp spike when the H atom flux is first allowed to hit the surface and when it is again blocked. A similar feature is also observed for Au at lower T S , but it is always only a superposition to the signal assigned to the LH recombination reaction. In a recent paper we identified this feature to arise from a shift of the Fermi level due to the charge transfer connected with adsorption of H to the surface resulting in a capacitor charging/discharging current when the H atom beam is flagged on and off [49] .
To shed light on the origin of these sharp current features, the integrated charge contained behind these are calculated from the traces obtained for different H atom fluxes (Fig. 8) . We do not believe that the apparent decrease with increasing flux is statistically significant. Rather, the data suggest that the flowing charge is independent of the H atom flux und equal for the spike observed after the beam flag is opened and when closing it again. This is indeed characteristic of a reversible charging/discharging process. The amplitude of the leading spike is then given by the initial rate of adsorption from the H atom flux which is the driving force. This current ceases when a steady-state coverage is established. At the trailing edge the amplitude is determined by the rate at which the coverage decreases once the incoming flux is blocked. This will be governed by the LH recombination rate.
A further outcome from this may be observed in Fig. 2 . It is noteworthy that the current spike observed when the beam flag is open a second time at t = 43 s is smaller than the first one. This is due to the fact, that the delay between the two H exposure pulses was too short to allow all the H to react off. I. e. the flag was opened again when there was still some remaining coverage.
It is worth noting that this charging/discharging current flows in the opposite direction than observed with Au as top electrode material. That may indicate that the charge transfer or change in work function are of opposite sign. For both, Au and Pt, calculations suggest that the work function change is of different sign for the (111) and (100) face [42] . It is unclear how that would work out for polycrystalline films in which case the different faces may carry different weight for different metals. It will take further experiments to clarify this question.
By and large, the important conclusion in this context is, that we observe currents in the case of Pt that are due to the shift of the Fermi level of the top electrode depending on the H coverage but no current which can be assigned to electronic excitations associated with the LH recombination reaction. However, the latter was the dominant feature in the case of the coinage metals. Data recorded over the temperature range from 180 to 420 K (not further discussed) corroborate this conclusion. In what follows we will concentrate on this sharp contrast.
To understand the difference between coinage and Pt group metals it is valuable to look at the time reversed process, namely dissociative adsorption. H 2 spontaneously dissociates on Pt without any significant activation energy along the minimum energy reaction path way [50] . If there is any barrier at all, it is located "early" along the path to nonoptimal sites [51] . It is thought that the existence of empty d electron states right at the Fermi level allows the filled molecular orbitals of the H 2 molecule to effectively circumvent the Pauli repulsion barrier by rehybridization [52, 53] . This process is not possible in the case of free-electron metals such as Cu, Ag, or Au because of their lack of empty d electron states. Hence, a sizeable barrier arises. Moreover, the barrier is "late", when seen from the perspective of the adsorption process. I. e. it is located at a point where the intramolecular bond is already substantially stretched. This picture of d-hybridisation has been further refined by Hammer and Nørskov by including the interaction between the metal d-states and both the bonding and anti-bonding molecular states [54] .
Taking the internal binding energy of H 2 , the binding energy of H to the metal surface and whether H 2 dissociative adsorption is activated or not into account one derives generic potential energy curves for the classes of metals as depicted in Fig. 9 . Examining these it becomes apparent that in the case of the coinage metals hydrogen recombinative desorption is -depending on metal and face -connected with no significant change in total energy or even exotherm, after taking the influence of zero point energy into account. However, it is kinetically hindered due to the barrier along the reaction path. In the case of Pt -and other similar metals -it is endotherm. The activation energy for recombinative desorption is nevertheless rather similar in both cases, but in one case it is due to the fact that the molecule has to pass over the barrier, while in the other it is due to the larger binding energy for atoms. In the case of the coinage metals, the hydrogen molecule is formed at the apex of the barrier with an extended bond. On its paths away from the surface 50 to 100 kJ/mol in energy become available. In contrast such a defined point does not exist in the case of Pt. Rather the molecule may be formed from two mobile atomic surface species and desorb with hardly any excess energy.
The discussed scenario for coinage metals resembles in several aspects the one discussed by Luntz and coworkers for the recombinative desorption of N 2 from Ru(001) [25] , in which case the desorbing molecules are predominantly found in the vibrational ground state although the topology of the potential energy surface would suggest that high levels up to v = 11 level are populated. This energy is also not channeled into the translational degree of freedom, but rather dissipated. Taken together, our and the experiments by Luntz as well as the ones by Hodgson and coworkers [55] raise more generally the question if generally significant fractions of the excess energy of molecules desorbing over late barriers are dissipated into surface electronic degrees of freedom. However, it needs to be noted that on the other hand -at least in the case of Cu -H 2 molecules desorb with a vibrational distribution consistent with what is expected from adsorption data [56] . In the case of the coinage metals, such as Ag, a sizeable barrier exists in the reaction path, which is not the case for Pt group metals, such as Pt. The binding energy of H atoms refers to the 2H + M state as asymptotic level, which is by the dissociation energy of H 2 higher in energy than the asymptotic state for recombinative desorption. Note, the curves intend to take into account the change of zero point energy along the reaction path as accurately as possible.
In order to account for the Nienhaus experiments [7] , theory has developed the concept of the spin delocalisation transition which occurs when the H affinity level crosses the Fermi niveau [12, 57] . That model is a "nearly adiabiatic" description, which will likely not suffice to account for excitation processes dissipating larger energies as the ones observed with MIM junctions. Recent efforts addressing multi-quantum vibrations deexcitation in scattering may turn out to be also a starting point to address the question raised here [18, 19] .
Conclusions
Using new data for current traces observed with MIM heterostructures with Pt, Ag and Cu top electrodes when exposed to a flux of H atoms, we have demonstrated that for Pt no chemically induced steady-state current arises, whereas this is the case for all three coinage metals studied. It is suggested that this difference may reflect the fact that adsorption of H 2 is not activated for Pt group metals, in contrast to coinage metals. The excess energy available to the nascent H 2 molecule, which in part is stored in its extended bond at the transitions state, may be dissipated into substrate electronic excitations. It will take further, complementary experiments to corroborate this hypothesis.
